Cilia-based locomotion is the major form of locomotion for microscopic planktonic organisms in the ocean. Given their negative buoyancy, these organisms must control ciliary activity to maintain an appropriate depth. The neuronal bases of depth regulation in ciliary swimmers are unknown. To gain insights into depth regulation we studied ciliary locomotor control in the planktonic larva of the marine annelid, Platynereis. We found several neuropeptides expressed in distinct sensory neurons that innervate locomotor cilia. Neuropeptides altered ciliary beat frequency and the rate of calcium-evoked ciliary arrests. These changes influenced larval orientation, vertical swimming, and sinking, resulting in upward or downward shifts in the steady-state vertical distribution of larvae. Our findings indicate that Platynereis larvae have depth-regulating peptidergic neurons that directly translate sensory inputs into locomotor output on effector cilia. We propose that the simple circuitry found in these ciliated larvae represents an ancestral state in nervous system evolution.
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neural circuit | zooplankton | sensory-motor neuron | FMRFamide-related peptides T wo different types of locomotor systems are present in animals, one muscle based and the other cilia based. The neuronal control of muscle-based motor systems is well understood from studies on terrestrial model organisms. In contrast, our knowledge of the neuronal control of ciliary locomotion is limited, even though cilia-driven locomotion is prominent in the majority of animal phyla (1) .
Ciliary swimming in open water is widespread among the larval stages of marine invertebrates, including sponges, cnidarians, and many protostomes and deuterostomes (2) (3) (4) (5) . Freely swimming ciliated larvae often spend days to months as part of the zooplankton (1, 6) . The primary axis for ciliated plankton is vertical, and body orientation is maintained either by passive (buoyancy) or active (gravitaxis, phototaxis) mechanisms. When cilia beat, larvae swim upward, and when cilia cease beating, the negatively buoyant larvae sink. During swimming, the thrust exerted on the body is proportional to the beating frequency of cilia (7) (8) (9) . The alternation of active upward swimming and passive sinking, together with swimming speed and sinking rate, is thought to determine vertical distribution in the water (8) . Because several environmental parameters, including water temperature, light intensity, and phytoplankton abundance, change with depth, swimming depth will influence the speed of larval development, the magnitude of UV damage, and the success of larval feeding and settlement. To stay at an appropriate depth, planktonic swimmers must therefore sense environmental cues and regulate ciliary beating.
The ciliated larvae of the marine annelid Platynereis dumerilii provide an accessible model for the study of ciliary swimming in marine plankton (10) . Platynereis can be cultured in the laboratory, and thousands of synchronously developing larvae can be obtained daily year-round (11) . Platynereis has emerged as a model for the study of the evolution of development (evo-devo) and neurobiology. Its neuronal development is more representative of the ancestral bilaterian condition than that of conventional protostome models (flies, nematodes) and shares many features with vertebrate neurodevelopment (12) . Platynereis has also retained ancestral neuron types, including ciliary photoreceptors and vasotocin-neurophysin-producing sensory-neurosecretory cells, shared with vertebrates but absent from flies and nematodes (13, 14) . Such conservation makes Platynereis an interesting model for the reconstruction of the ancestral state of the bilaterian nervous system. The larval nervous system of Platynereis also shows surprising simplicity in its circuitry. The photoreceptor cell of the larval eyespot was shown to directly synapse on the ciliated cells and regulate phototactic turning (10) . Such a sensory-motor system, directly regulating cilia, may be a relic from the earliest stages of the evolution of eyes and neural circuits (10, 15) .
Planktonic ciliated larvae also adjust their ciliary activity in response to several environmental cues other than light (16) (17) (18) (19) (20) . It is unclear, however, how other cues affect cilia and whether the innervation of ciliary bands by other neurons is as simple as that of the larval eyespots. Anatomical studies have revealed that larval ciliary bands receive extensive innervation from the nervous system, both in Platynereis and in other species (21) . In protostome larvae, neurons expressing the neuropeptide FMRF-amide often contribute to this innervation (22) (23) (24) . Neurons with related Famide neuropeptides also innervate ciliary bands in sea urchin larvae (25) , suggesting that neuropeptides may have a general role in the regulation of larval locomotion in both protostomes and deuterostomes. However, these limited studies have not revealed the general neural circuit architecture of ciliated larvae and the role of neuropeptides in regulating ciliary swimming.
Neuropeptides are considered the oldest neuronal signaling molecules in animals (26) . They are produced from inactive precursor proteins by proteolytic cleavage and further processing (e.g., amidation) (27) (28) (29) and are released into the hemolymph to act as hormones or at synapses to regulate target cells. Neuropeptides have a wide range of functions in the control of neural circuits and physiology, including the modulation of locomotion and rhythmic pattern generators (30) (31) (32) (33) , presynaptic facilitation and remodeling of sensory networks (34, 35) , and the regulation of reproduction (36, 37) . We have only limited information about the role of neuropeptides in the regulation of ciliary beating (38, 39) . To gain further insights into ciliary locomotor control we characterized neuropeptide functions and the associated neural circuits in the larvae of Platynereis. We found diverse neuropeptides expressed in larval sensory neurons that directly innervate the ciliary band. Application of synthetic neuropeptides altered both ciliary beat frequency and the rate and duration of ciliary arrests, indicating that neuropeptides act as neurotransmitters on the ciliated cells. The neuropeptide-induced changes in ciliary activity altered the swimming trajectories and shifted the vertical distribution of the larvae. Our results suggest that in planktonic swimmers, neuropeptides released upon sensory stimulation at neurociliary synapses modulate ciliary activity, ultimately resulting in changes in swimming depth. The control of ciliary swimming, the ancestral form of animal locomotion, by a simple sensory-motor nervous system suggests that these locomotor circuits may represent an ancestral stage of neural circuit evolution.
Results
Identification of Platynereis Neuropeptides. Given the widespread role of neuropeptides in regulating animal locomotion (30-32), we set out to characterize neuropeptides of the Platynereis larval nervous system. Here we describe 11 neuropeptide precursors identified in a Platynereis larval transcriptome resource using a combination of BLAST and pattern searches. On the basis of the 11 precursor sequences we predicted 120 Platynereis neuropeptides forming 11 distinct groups of similar peptides (Fig. 1) . Full-length precursor sequences have an N-terminal signal peptide and contain repetitions of similar short neuropeptide sequences flanked by dibasic cleavage sites (KR, RK, or KK) for prohormone convertases (27, 28) . We deduced the structure of mature Platynereis neuropeptides using NeuroPred (40) and manual curation (Fig. 1) . In 8 precursors most peptides contain a Gly residue before the dibasic cleavage site. These peptides are expected to be further processed by α-amidating enzymes (29) and to terminate in an α-amide (RYa, FVMa, DLa, FMRFa, FVa, LYa, YFa, and FLa; "a", "amide"). Other precursors give rise to peptides with a carboxyl terminus (L11, SPY, and WLD).
The Platynereis neuropeptide precursors are related to the widely distributed family of RFamide-like neuropeptide precursors. Members of this family are present in all eumetazoans, and their mature peptides can have diverse functions in the regulation of neuronal circuits (31, 37, (41) (42) (43) (44) . Many Platynereis neuropeptides have close relatives in other lophotrochozoan species (mollusks and annelids) and some also outside the lophotrochozoans (RYa, RFa, and L11). Conservation of amidated neuropeptides is restricted to a few residues N-terminal to the cleavage site and amidation signature (Fig. S1 ). Amidated neuropeptides within the same precursor protein also show higher conservation close to the amidated terminus (Fig. 1) , indicating that the functionally important residues are located there. In contrast, nonamidated neuropeptides often show stronger N-terminal conservation both between species and within the same precursor ( Fig. 1 and Fig. S1 ).
Neuropeptides Are Expressed in Distinct Sensory Neurons in the
Platynereis Larval Nervous System. To map neuropeptide expression in the Platynereis larval nervous system we performed in situ hybridizations on whole larvae with precursor-specific RNA probes. We combined in situ hybridization with fluorescent antibody staining using an anti-acetylated tubulin antibody that stains stabilized microtubules in cilia, axons, and dendrites. The samples were scanned in a confocal microscope combining fluorescence and reflection microscopy, a technique that visualizes the in situ hybridization signal [alkaline phosphatase/nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) staining] by reflection of the laser beam (45) . Using this technique we obtained high-resolution three-dimensional information on the expression patterns and also on the morphology of the labeled cells.
We found that all precursors were expressed 48 h postfertilization (hpf) in the larval episphere (the anterior part of the larva) in a cell-type-specific manner (Fig. 2 ) in patterns that were largely invariant for the same gene from larva to larva. For all precursors, expression was detected in 2-12 neurons in the larval episphere.
To obtain a molecular map of all peptidergic neurons at cellular resolution we calculated an average expression pattern for each neuropeptide on the basis of three to five confocal scans and then registered these averages to a reference axonal scaffold. This procedure is possible because Platynereis larvae, like many spiralians, have a strict cell lineage (46) and there is very little cellular-level variation among larvae of the same developmental stage. For image registration we used a procedure similar to the one recently described for Platynereis (47), taking advantage of the highly stereotypic acetylated-tubulin reference channel.
Placing these average expression maps into the common acetylated-tubulin reference ( Fig. 2A) revealed that neuropeptides are expressed broadly in the larval nervous system ( Fig. 2 N and O and Movie S1). Many peptidergic neurons concentrated in the central region of the episphere, the apical organ ( Fig. 2 B-E, N, and O). We further defined a bilaterally arranged dorso-lateral cluster of peptidergic neurons, in the region of the developing cerebral eyes, and a ventro-lateral cluster, above the ventral branch of the circumesophageal connectives ( Fig. 2 F-L) . The SD of cell center positions among different registered scans for the same gene ranged between 0.6 and 3.34 μm (median = 2.63;
along the x axis), whereas the average cell diameter was 11.1 μm (SD = 4.11; along the x axis). This cellular resolution allowed us to show that most neuropeptides were not coexpressed and therefore define distinct peptidergic neurons in the Platynereis larva. We found only three pairs of neuropeptides with partially overlapping expression. DLa and RYa were coexpressed in three apical organ cells, whereas YFa overlapped with both FLa and RYa in two different cells of the apical organ (Fig. 2 P-R) .
To characterize the morphology of the neuropeptidergic cells we performed high-resolution confocal scans of the NBT/BCIP signal together with the acetylated tubulin signal. The acetylated tubulin signal revealed that the larval episphere forms a polarized neural tissue with apical dendrites and a basal axonal scaffold (Fig. 2M) . The neuropeptide precursors were all expressed in neurons with differentiated morphology, with cell bodies continuing in basally projecting axons that joined the axonal scaffold of the larval nervous system. Most of the peptidergic neurons were flask shaped and also had a dendrite extending apically (Fig.  2 B-L) . Such flask-shaped sensory morphology has already been described with immunolabeling for the FMRFa-expressing cells in the Platynereis larva that we localize here with the FMRFa precursor (14) . The ultrastructural reconstruction of these cells revealed that the apical dendrite has two sensory cilia. These cilia extend into the subcuticular space that has access to the external environment (14) . Similar sensory cell morphologies have also been described ultrastructurally in various other annelids (48) . The peptidergic sensory cells we found also had acetylatedtubulin positive projections that reach the apical-most side of the neuroepithelium and therefore are in direct contact with the external environment. The dendrites of different cells had terminals with various apical morphological modifications, including split ( Fig. 2 B, D , and H) and bulbous endings (Fig. 2C) , indicating that the neuropeptidergic neurons have various sensory modalities. We also observed that the mRNA of the WLD precursor localized to the tip of the sensory dendrite (Fig. 2L) . We did not find apical dendrites on the large ventral LYa-expressing cells (Fig.  2G) ; these cells therefore likely do not have a sensory function.
Overall, our neuropeptide expression data revealed a cellular resolution molecular map of sensory neurons in the 48-hpf Platynereis larva.
Peptidergic Sensory Neurons Directly Innervate the Larval Ciliary
Band. Maturing neuropeptides can be transported to synaptic release sites via axonal transport. To visualize axonal projections of Platynereis sensory neurons, we developed antibodies against one mature peptide from each precursor (Fig. 1) . We affinity purified the antibodies using the respective peptides immobilized to a resin and then performed immunostainings on 48-hpf larvae. The immunostainings revealed cell body and axonal signals for all neuropeptides. We always found a strong correlation in the number and position of the cell bodies between our in situ hybridization and immunostaining data, showing that the antibodies do not cross-react and label the same cells that express the respective precursors. (Fig. 3 ; compare with Fig. 2 and Movies S2 and S3). Although the cell body labeling was weak for FVMa and L11 ( Fig. 3 B and H) , upon inspection of 3D renderings of the data (Movies S2 and S3) we could nevertheless see them in positions corresponding to precursor expression. Using the FMRFa antibody, in addition to the two cells that also showed precursor expression (Fig. 2E) we observed three faintly labeled cells. Similarly, for LYa we observed two faint cells located more dorsally. These signals could be due either to the higher sensitivity of antibody stainings or to weak unspecific labeling.
We also observed staining of the axonal projections of the neuropeptidergic sensory neurons. Axons for all neuron types run along the ventral branch of the circumesophageal connectives (Fig. 3 A-I ) and in some cases also along the dorsal branch (FVMa, DLa, FVa, YFa, and FLa; Fig. 3 B, C , E, G, and I). Axons joined the ciliary ring nerve (CRN) innervating the main ciliary band of the larva (Fig. 3 A-I ; compare with Fig. 2A ) and formed several varicose thickenings along its entire length (Fig. 3 A-I) , indicating en passant synaptic contacts to the ciliated cells. Direct synaptic contact between ciliated cells and the ciliary ring nerve has also been described by electron microscopy for the larval eye photoreceptor axon (10) .
To confirm that the ciliary ring nerve has synaptic zones all along its length and not only where the eyespot photoreceptor axon forms synapses (10) we generated an antibody against Platynereis synaptotagmin (12), a transmembrane protein involved in the fusion of synaptic vesicles and large dense-cored vesicles (49, 50) . Anti-synaptotagmin antibody staining revealed strong signal in the median nervous system, along the circumesophageal connectives, and along the entire length of the ciliary ring nerve (Fig. 3J ).
Many neuropeptides (DLa, FMRFa, FVa, YFa, L11, and FLa) also showed intense labeling in the apical neurosecretory plexus of the larva, indicating that they may also be released here (Fig. 3 C-E and G-I). A neurosecretory function has already been suggested for FMRFa (14) . The innervation of the ciliary band by the diverse neuropeptidergic sensory neurons suggests that these cells, in addition to having a possible neurosecretory (E) Representative kymographs of ciliary beating (light gray sections) and ciliary arrests (dark gray sections) in the presence of neuropeptides, generated from 1-min videos on single immobilized larvae. The kymographs were generated from line selections perpendicular to the beating cilia (compare Movie S4). In A-D data are shown as mean ± SEM. P values of an unpaired t test are indicated: *P < 0.05; **P < 0.01; and ***P < 0.001. n > 10 larvae for A-D. In A the final concentrations are indicated for RYa and FLa; for the other peptides we used 5 μM (DLa), 10 μM (L11 and SPY), 20 μM (FVMa and WLD), and 50 μM (FMRFa, FVa, LYa, and YFa). In B we used concentrations as indicated or 5 μM (DLa), 20 μM (FVMa and WLD), and 50 μM (FMRFa and FVa), and in C and D we used 5 μM (VFAAa) and 20 μM (FVAa). For the full peptide sequences used see Fig. 1 .
Neuropeptides Influence Ciliary Beating and Arrests. The innervation of the ciliary band by neuropeptidergic cells suggested that neuropeptides could directly influence ciliary activity. To uncover neuropeptide effects we characterized ciliary activity using video microscopy on immobilized Platynereis larvae. We scored ciliary beat frequency and the rate and duration of ciliary arrests. Control larvae (50-60 hpf) beat with their cilia with a frequency of 16.2 beats/s (SEM = 0.26, n = 146 larvae). Complete arrests of all cilia occurred at regular intervals and lasted for several seconds (Movie S4 and Fig. 4E ). The ratio of the total duration of arrested to beating periods was 0.22 (SEM = 0.02, n = 28 larvae).
We next tested the effect of synthetic neuropeptides on ciliary beat frequency and ciliary arrests (500 nM to 250 μM concentration range, see Fig. 4 legend) . Nine neuropeptides increased ciliary beat frequency (RYa, FVMa, DLa, FMRFa, FVa, LYa, YFa, L11, and SPY), and two decreased ciliary beat frequency (FLa and WLD, Fig. 4A ).
The neuropeptides also affected ciliary arrests as quantified by the total duration of arrests during 1-min recordings (Fig. 4B ) and visualized by kymographs ( Fig. 4E and Movie S4). In the presence of RYa, FVMa, DLa, FMRFa, and FVa, ciliary arrests were strongly reduced (Fig. 4 B and E and Movie S4). In contrast, FLa and WLD led to very frequent and sustained arrests (Fig. 4 B and E and Movie S4). LYa, YFa, L11, and SPY had no effect on ciliary arrests even at concentrations five times higher than the concentrations significantly increasing ciliary beat frequency (Fig. 4B) . These effects were dose dependent as determined for RYa and FLa (Fig. 4 A and B) .
Next we tested the importance of conserved C-terminal residues in mature neuropeptides. Whereas the naturally occurring RYa (full sequence: VFRYa) increased ciliary beat frequency and abolished sustained ciliary arrests (Fig. 4 A, B , and E), changing the RY residues to Ala (VFAAa) resulted in a loss of these effects (Fig. 4 C and D) . FVMa (full sequence: NDGDYSKFVMa) also increased ciliary beat frequency and inhibited arrests (Fig. 4 A, B , and E), but its effects were lost when the C-terminal Met residue was changed to Ala (Fig. 4 C and D) .
These experiments show that Platynereis neuropeptides have strong and sequence-specific effects on two parameters of larval ciliary activity, ciliary beat frequency and ciliary arrests.
Neuropeptides Regulate Depth in the Water Column. It has been proposed that changes in ciliary beat frequency and ciliary arrests regulate the depth of ciliary planktonic swimmers (8) . To quantitatively test this hypothesis and to analyze the effects of neuropeptides on larval swimming behavior, we developed a vertical migration setup consisting of 25-cm-high tubes. This setup allowed us to record the swimming activity and the steadystate vertical distribution of large populations of larvae under different conditions. First, we recorded swimming larvae at high resolution and found that they swam with a right-handed spiral, with their anterior end pointing upward. Occasionally, larvae sank with their anterior end pointing up, indicating that the center of gravity is closer to the posterior end (Movie S5). The analysis of swimming tracks in populations of untreated control larvae revealed that active upward and lateral swimming and passive sinking were balanced (no average displacement in the vertical direction). The angular plots of the displacement vectors of larval tracks showed a broad bimodal distribution, with the majority of tracks pointing upward or downward (Fig. 5A ). Such nonbiased upward and downward displacement in the vertical tubes maintained a uniform vertical distribution as a steady state (Fig. 6A ).
Next, we tested how changes in ciliary beat frequency and ciliary arrests induced by the neuropeptides alter the directionality of larval movement and the steady-state larval distribution. Neuropeptides that inhibited ciliary arrest and/or increased ciliary beat frequency led to biased upward swimming (RYa, FVMa, DLa, FMRFa, FVa, LYa, YFa, L11, and SPY; Fig. 5 B-J) . This upward swimming was not observed when we used RYa and FVMa peptides with Ala substitutions (Fig. 5 B and C) . In contrast, application of FLa and WLD, two peptides that caused lower ciliary beat frequency and frequent ciliary arrests, resulted in downward displacement of larvae ( Fig. 5 K and L) . 2 -test comparing the number of upward and downward swimming larvae are indicated: **P < 0.01; ***P < 0.001. For each peptide the χ 2 -test was performed with a measurement on control larvae from the same batch. In A, a representative control is shown. n > 121 larvae for all measurements. The final concentrations were 5 μM (RYa, AAa, DLa, and FLa), 10 μM (L11 and SPY), 20 μM (FVMa, FVAa, and WLD), and 50 μM (FMRFa, FVa, LYa, and YFa).
The changes triggered by the neuropeptides in the directionality of larval movement also shifted the mean vertical distribution at steady state in a dose-dependent manner. Activating peptides led to strong upward shifts, whereas inhibitory peptides caused downward shifts (Fig. 6) . The peptide effects were lost following washout, as shown for RYa and FVMa (Fig. 6 B and C) . When we combined RYa and FLa, two peptides with opposing effects, the effects canceled out, indicating that neuropeptide effects are additive (Fig. 6K) . All neuropeptides affected vertical shifts in a concentration-dependent manner (Fig. 6O) .
By influencing ciliary beat frequency and ciliary arrests, neuropeptides can change the net directionality of movement, leading to large shifts in the vertical distribution of populations of ciliated larvae.
Ciliary Arrests and Beat Frequency Have Distinct Contributions to
Larval Swimming. All neuropeptides that affected ciliary closures also affected ciliary beat frequency (Fig. 4 A and B) . To uncouple the contribution of ciliary arrests and beat frequency on larval swimming, we tried to influence these parameters separately. To interfere with ciliary arrests without changing beat frequency we first characterized the mechanism of arrests.
When performing extracellular current measurements with a recording pipette penetrated into the center of Platynereis larvae, we observed regular spiking activity. Combined extracellular recordings and video microscopy of cilia showed that the spikes correlated with ciliary arrests, with the first spike in a spike train preceding the arrest (Fig. 7A) . Sustained arrests of cilia were accompanied by repeated spiking events of a frequency between 5 and 10 Hz, during the entire duration of the arrest episode. The long duration of the spiking events (full width at half max = 1.45 ms, SD = 0.17; Fig. 7B ) indicated that they were likely evoked by calcium, rather than sodium. Calcium spikes were also shown to trigger ciliary arrests in mollusk larvae (19, 51) . To test whether voltage-dependent calcium channels were responsible for the recorded spike events, we applied the L-type calcium-channel blocker nifedipine. In the presence of nifedipine, beat frequency was unaffected (Fig. 7C) , but spikes and ciliary arrests were completely abolished ( Fig. 7 A and D) . These observations indicate that calcium spikes generated by L-type calcium channels induce and sustain ciliary arrests and also provided a tool to specifically block arrests without affecting ciliary beat frequency.
To test the contribution of ciliary arrests to the overall directionality of larval movement, we then tested the effect of nifedipine in vertical swimming assays. Application of nifedipine led to consistent upward swimming (Fig. 7 E and F ; average upward displacement = 0.92 mm/s; control = −0.03 mm/s). Larval trajectories were straighter than in control larvae (Fig.  7F) , also shown by the narrower distribution in the angular his- 2 -test are indicated: *P < 0.05; **P < 0.01; and ***P < 0.001. n > 69 larvae. The final concentrations of neuropeptides in B-L were 5 μM (RYa, AAa, DLa, and FLa), 10 μM (L11 and SPY), 20 μM (FVMa, FVAa, and WLD), and 50 μM (FMRFa, FVa, LYa, and YFa).
tograms (Fig. 7E) . The consistent upward swimming led to an upward-shifted steady-state distribution (Fig. 6M) .
The up-regulation of ciliary beat frequency also led to upward swimming, as shown by the neuropeptides that increased beat frequency without affecting arrests (LYa, YFa, L11, and SPY; Fig. 4 A and B and Fig. 5 G-J) . To influence beat frequency independent of neuropeptides, we used the cell-permeable cAMP analog, Br-cAMP. cAMP is known to increase ciliary beat frequency in a wide range of eukaryotes (52) and it also increased beat frequency in Platynereis larvae, without affecting arrests ( Fig. 7 C and D) . As with neuropeptides, the Br-cAMPinduced increase in beat frequency led to upward swimming and higher steady-state vertical distribution (Fig. 7 E and F and Fig.  6N ), but the swimming tracks remained irregular, similar to those in control larvae (Fig. 7F) .
These results show that ciliary arrests and beat frequency have distinct contributions to larval swimming. Arrests allow larvae to sink and contribute to the maintenance of an unbiased net vertical displacement. Arrests also result in irregular swimming tracks (i.e., frequent turning events; compare Movie S5). Ciliary beating promotes upward swimming. Neuropeptides can influence both parameters, thereby modulating swimming directionality, the frequency of sinking events, and swimming pattern.
Discussion
Neuropeptides Regulate Ciliary Swimming. Animals moving with cilia can either crawl on a surface (e.g., flatworms) or swim freely in water. Ciliary swimming is characteristic of the larval stage of many marine invertebrates with a benthic adult. Such ciliated larvae are widespread in the animal kingdom (1) . Among the bilaterians, the lophotrochozoans (e.g., annelids and molluscs) and the deuterostomes (e.g., echinoderms and hemichordates) often have ciliated larvae (2, 3), whereas the ecdysozoans (e.g., insects and nematodes) lack them. Outside the bilaterians, ciliabased locomotion is present in ctenophores and in the larval stages of many cnidarians. Additionally, sponges, the basal-most animal group relative to the eumetazoans, often have ciliated larvae (4, 5) . This trait, together with the lack of muscles in sponges, indicates that ciliary swimming is likely the ancestral form of locomotion in animals. Despite its importance for marine life and our understanding of the evolution of locomotion, we know very little about the control of ciliary swimming.
Here we described an unexpected diversity of neuropeptides influencing ciliary activity in larvae of the annelid Platynereis. The peptides can either activate ciliary swimming (increased ciliary beat frequency and reduced ciliary arrests) or inhibit swimming (reduced ciliary beat frequency and more arrests), leading to upward and downward shifts in larval vertical distribution. The regulation of ciliary beat frequency and ciliary arrests both contribute to changes in larval distribution, with arrests also contributing to the irregularity of swimming tracks.
Our vertical larval swimming experiments support the model that upward swimming and sinking determine the vertical distribution of marine plankton (8) . It is remarkable that actively swimming Platynereis larvae maintain a uniform vertical distribution at steady state. Such a distribution can be maintained only if the upward and downward net movement of the larvae is balanced. To achieve this, swimming and sinking parameters (ciliary beat frequency, ciliary arrests, directionality, and buoyancy) must be fine-tuned. We showed how neuropeptide signaling can alter some of these parameters, shifting the overall larval vertical distribution.
Our results provide a general framework for how neuropeptides and the neurons that express them can regulate the depth of ciliated zooplankton.
Sensory Neurons Directly Control Cilia. The morphology of the neuropeptidergic neurons suggests that these cells are dualfunction sensory-motor cells directly translating sensory inputs into motor output on effector ciliated cells. The diversity of sensory neurons with cilia-regulating neuropeptides in the Platynereis larva is consistent with the multitude of environmental cues annelid and other ciliated larvae can respond to. These cues include light, pressure, salinity, and temperature, as well as settlement-inducing chemicals (6, 17, 18, 53) . Some of these cues were shown to change the distribution of larvae, either by pro- moting upward swimming (e.g., increased pressure) (53) or by inhibiting cilia (e.g., settlement cues) (17) . The sensory-motor neurons described here are potentially involved in similar responses in Platynereis larvae. Our results therefore suggest a model where certain aversive sensory inputs (e.g., high pressure or low temperature) can elicit neuropeptide release at the ciliary band, thereby promoting upward swimming. Such simple depthregulating escape circuits could contribute to the accumulation of many planktonic organisms at water interfaces (54) .
An analogous serotonergic sensory-motor neuron, mediating a response to an aversive cue, has also been described in the embryo of the pond snail, Helisoma trivolvis. Here the sensory neuron directly innervates embryonic cilia and increases ciliary beat frequency upon hypoxic stimulation in the egg capsule (55) .
As with these previous studies, our results suggest that ciliated larvae harbor simple sensory-motor reflex circuits of various sensory modalities, able to directly influence ciliary activity and thus vertical position in the water.
Differences Between Muscle-and Ciliary-Control Circuits. A direct sensory-motor regulation of locomotion, implicated by our findings, has not been described in muscle-based motor circuits in bilaterians. In such systems, distinct sensory, inter-, and motoneurons are always present, even in the simplest examples, such as the gill-withdrawal reflex of Aplysia (56) or stretchreceptor-mediated proprioception in Caenorhabditis (57). Muscle-regulating circuits always have interneurons because motor control can entail the contraction of several muscles in a strict temporal order (e.g., locomotor central pattern generators) (58), the integration of conflicting sensory inputs into different motor outputs (e.g., anterior and posterior stimulation during the nematode tap withdrawal reflex) (59), or the coordinated contraction and relaxation of antagonistic muscles (e.g., tendon jerk reflex in tetrapods) (60) .
In contrast, the nervous system of the Platynereis larval episphere is organized predominantly as a direct sensory-motor system. This system of simple organization is not due to the simplicity or young age of these larvae, because at the corresponding stage the trunk nervous system already harbors distinct types of interneurons, likely involved in regulating the trunk musculature (12) . The structural difference between the trunk and episphere nervous system therefore seems to reflect the different functionality of the two systems, in that the trunk system regulates muscles whereas the episphere system regulates cilia. Because ciliary locomotion does not require a complex coordination of various motor structures, simple sensory-motor neurons may be adequate to perform all activatory and inhibitory functions on a single ciliary band. If the innervation runs to all ciliated cells, as found for the neurons described here, regulation can occur uniformly along the entire ciliary band. Alternatively, regulation can be differential, due to local innervation of a segment of the ciliary band, allowing tactic turning behavior (10) .
Are Ciliary Locomotor Circuits Ancestral? Our results show that ciliated larvae use a very simple functional circuitry, regulating swimming by direct sensory-motor innervation. Such sensorymotor neurons are common in cnidarians (61) (62) (63) ; however, in bilaterians they have to date been described only in ciliated larvae (10, 55) . This observation raises the interesting possibility that ciliary locomotor circuits in bilaterian larvae have retained an ancestral state of nervous system organization. If this scenario is true, ciliated larval circuitry may give insights into the evolutionary origin of the first nervous systems (15) . The cilia regulatory neuropeptides described here are widely conserved among marine invertebrates, including other annelids, mollusks, and cnidarians. Because all of these groups have ciliated larvae, our results have broad implications for the understanding of ciliary locomotor control in a wide range of invertebrate larvae.
Methods
Bioinformatics. For the identification of neuropeptides we used BLAST searches and pattern searches using repetitions of the motive K[K/R]-x(3-10). The GenBank accession numbers are JF811323-JF811333.
Antibodies and Staining. For antibody production, rabbits were immunized with neuropeptides coupled to a carrier via an N-terminal Cys. Sera were affinity purified on a SulfoLink resin (Pierce) coupled to the Cys-containing peptides. The bound antibodies were washed extensively with PBS and with 0.5 M NaCl to remove weakly bound antibodies. Fractions were collected upon elution with 100 mM glycine, pH 2.7 and 2.3. Inmunostainings and whole-mount in situ hybridization were performed on precisely staged larvae raised at 18°C. Imaging of in situ hybridization samples was performed as previously described (45) .
Microscopy and Image Processing. Confocal images were taken on an Olympus Fluoview-1000 confocal microscope with a 60× water-immersion objective using 488-and 635-nm laser lines and a pinhole of airy unit 1. For volume scans 512 × 512-pixel image stacks were recorded at a Z-distance of 1 μm. Recordings of ciliary beating and arrest were performed with a Zeiss Axioimager microscope and a DMK 21BF04 camera (The Imaging Source) at 60 frames/s or 15 frames/s to quantify arrests. Larvae were immobilized between a slide and a coverslip spaced with adhesive tape. Freely swimming larvae in vertical tubes were recorded with a DMK 21BF03 camera (The Imaging Source) at 30 frames/s. The tubes were illuminated laterally with red light-emitting diode (LED) lights that larvae are unable to detect at the stages studied. Stacks of confocal images or videos were processed using ImageJ 1.42 and Imaris 5.5.1. For the whole-mount in situ and immunostaining samples we generated projections using Imaris. Some images were filtered with a median filter (3 × 3 × 1 filter size), using Imaris. Contrast was always adjusted equally across the entire image. Larval swimming videos were analyzed using custom ImageJ macros and Perl scripts.
Image Registration. The expression patterns of the neuropeptides were registered to a reference axonal scaffold to obtain a combined molecular map of the peptidergic neurons. We established an image registration procedure similar to that in ref. 47 , using the ITK toolkit (64) . We first generated a reference scaffold by aligning 20 individual larvae to a representative scaffold, using affine and deformable transformations, and averaging them. Three to five gene expression patterns per gene were registered to the reference, using the acetylated tubulin channel. First affine (rotation, scaling, translation, shearing; itkAffineTransform class) and then deformable (nonuniform warp; itkBSplineDeformableTransform class) transformations were applied. For both steps the Mattes mutual information metric (itkMattesMutualInformationImageToImageMetric class) and the gradient step optimizer (itkRegularStepGradientDescentOptimizer class) were used. The multiresolution registration method was applied for both steps to speed up the process and make it more robust (itkMultiResolutionImageRegistrationMethod class).
Behavior. Platynereis larvae were obtained from a breeding culture, following ref. 11 . Behavioral experiments were performed in seawater, using 48-to 60-hpf larvae (raised at 18°C). Neuropeptides were added to the seawater and larvae were incubated for 2-5 min before recordings. For each peptide first we tested a range of different concentrations in the vertical migration assay and scored the effects by quantifying the larvae in the upper versus the lower half of the tubes (Fig. 6O) . The lowest concentration with maximum effect was used in the single-larva assays.
Electrophysiology. Extracellular recordings were performed at room temperature with 29-to 33-hpf larvae immobilized with a holding pipette (opening ∼30 μm). For recordings we used borosilicate capillaries (Science Products GB150F-8P) pulled with a Sutter P-1000 Flaming/Brown micropipette puller (Heka Elektronik) to 2-4 MΩ resistance. To facilitate penetration of the cuticle 0.002% trifluoromethanesulfonic acid was added to the larvae 10 min before the experiments. The recording solution contained 70 mM CsCl, 10 mM Hepes, 11 mM glucose, 10 mM glutathione, 5 mM EGTA, 500 mM aspartic acid, 5 mM ATP, and 0.1 mM GTP, and the pH was set to 7.3 with CsOH. The sample was illuminated with a Sharp DLP projector (PG-F212X-L) through a 740/10 band-pass filter, and ciliary beating was recorded at 6.5 frames/s. Recordings were done with the pipette in close proximity to the ciliated cells.
